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ABSTRACT 
Using a vacuum ref lectometer  which employs a mica c r y s t a l  mono- 
chroplator and a proport ional  counter d e t e c t o r ,  measurements of t h e  ef- 
f i c i e n c y  of r e f l e c t i o n  of s o f t  X-rays by o p t i c a l  f l a t s  of "Pyrex" g l a s s  
and s t a i n l e s s  steel w e r e  made B t  a number of wavelengths i n  the region 
5 - 16 8. 
f i c i e n t  of the  media were obtained from the  curves of r e f l e c t i o n  ef-  
Values of the r e f r a c t i v e  index and mass absorpt ion coef- 
f i c i e n c y  versus  glancing ang le ,  and compared with pred ic ted  va lues .  A 
disagreement between theory and experiment was found, which could be 
a t t r i b u t e d  t o  microscopic surface roughness, and a reduced sur face  
e l e c t r o n  dens i ty .  
*Now a t  Solar  Physics Branch, Goddard Space F l i g h t  Center ,  National 
Aermau t i c s  and Space Administration, Greenbel t ,  Maryland, USA, under 
an NASDSF postdoctoral  research associateship.  
1. INTRODUC'I'ION 
Recent developments in the fields of X-ray astronomy and microscopy 
have lead to a revival of interest in the technique of glancing incidence 
"total" reflection as a means of producing X-ray images. In both applica- 
tions, the soft (5 - 50 8) X-ray region is of great importance, but at the 
present time there is a lack of accurate experimental data on the efficien- 
cy of reflection of various materials in this wavelength region. A certain 
amount is available from the work of pre-war experimenters (see Compton and 
Allison (1) for a complete list of references) but most of these results 
were obtained using photographic film for the measurement of intensity, a 
method which can lead to serious errors owing to the non-linearity of X-ray 
film in this region, and the difficulty of intensity calibration. The only 
investigations carried out in the soft X-ray region using modern photon- 
counting techniques have been those of Hendrick (5)  at 8.3 8 and Wuerker 
(13) at 44.6 R. 
attempt to fill in some of the gaps in the reflection data, to investigate 
the suitability of various surfaces as X-ray imaging mirrors, and to test 
the theories of reflection and dispersion of X-rays in the soft X-ray region. 
The work described in this paper was undertaken in an 
2.  THEORY 
As the refractive index, n = 1-8 , of all materials is slightly 
less than unity throughout most of the X-ray region, X-rays incident on a 
Surface from vacuum at angles of incidence approaching 90' will be totally 
externally reflected. There is, associated with this reflection, a 
critical angle of glancing incidence 
incidence) given by the equation 
( 8 = 90° - optical angle of 
- 2 -  
........................ (1) 
whic 
n , f o r  t h e  small va lues  of 17 w..,ch a r e  involved, may be w r i t t e n  
.................................... (2)  
The r e f l e c t i o n  i s  n o t ,  i n  f a c t ,  t o t a l ,  a s  some absorption by t h e  medium 
always takes  p l ace ,  thereby reducing t h e  i n t e n s i t y  of t h e  r e f l e c t e d  beam. 
Nor i s  t h e r e  a sharp cut-off a t  t h e  c r i t i c a l  angle,  except when t h e  
absorp t ion  by t h e  medium i s  very s m a l l .  For high absorption (as i s  usua l ly  
t h e  case  i n  the s o f t  X-ray reg ion)  the r e f l e c t e d  i n t e n s i t y  decreases  
more o r  less gradual ly  from 8 = 0 output pas t  t h e  c r i t i c a l  angle given by 
equat ion  (2). For a medium whose l i nea r  absorption co -e f f i c i en t  i s  
pt , t h e  v a r i a t i o n  wi th  6 of - r , the r a t i o  of the r e f l e c t e d  t o  the  
r 
10 
i n c i d e n t  i n t e n s i t y ,  i s  given by t h e  modified Fresne l  equation: 
I f  a curve of t h e  type given by equation (3) can be f i t t e d  t o  an 
experimental ly  determined curve of d v e r s u s  5 0 , values  of the parameters 
La * Y and @&, and t h u s  of /c(e and 8 can be obtained. The va lues  of 
may be compared wi th  d i r e c t l y  determined va lues  of t h e  absorption co- 
e f f i c i e n t ,  and t h e  values of s with tho= obtained from t h e  d i spe r s ion  
and Hempsteed (11). I n  t h i s  way the v a l i d i t y  of equation (3) f o r  t h e  s o f t  
X-ray r eg ion ,  and of the d ispers ion  t h e o r i e s ,  may be t e s t e d .  
- 3 -  
3. APPARATUS 
A special  vacuum ref lec tometer  was cons t ruc ted  f o r  t h i s  work, and 
a schematic diagram of t h e  instrument i s  shown i n  Fig. 1. C h a r a c t e r i s t i c  
X-radiation, produced by a conventional X-ray source wi th  a demountable 
t a r g e t ,  was i so l a t ed  by the mica monochromator and l imi ted  t o  a narrow beam 
by t h e  two sl i ts .  
steel rod,  etched wi th  ac id  t o  prevent t h e i r  g iv ing  troublesome r e f l e c t i o n s ,  
and separated by spacers. The beam was allowed t o  f a l l  on t h e  r e f l e c t i n g  
specimen, which was mounted on a r o t a t i n g  t a b l e  ca r ry ing  a v e r n i e r  c a l i -  
b ra ted  i n  minutes of a r c ,  by means of which t h e  angular pos i t i on  of t h e  
specimen could be read o f f .  
by a photographic method. By means of a motor, t h e  specimen could be with-  
drawn from t h e  beam and accura te ly  r epos i t i oned .  I n  t h i s  way t h e  i n t e n s i t y  
of t h e  d i r e c t  beam could be measured. I n t e n s i t i e s  w e r e  measured with a flow 
propor t iona l  counter having a t h i n  (less than one micron) "Melinex" window. 
The counter pulses were amplified wi th  a high  ga in  ampl i f i e r  and counted 
wi th  a conventional s c a l e r .  The r e s o l u t i o n  of t h e  counter was s u f f i c i e n t  
t o  allow d iscr imina t ion ,  by s i n g l e  channel pu lse  he ight  a n a l y s i s ,  a g a i n s t  
very  s o f t  r ad ia t ion  t o t a l l y  r e f l e c t e d  from t h e  mica c r y s t a l ,  and hard 
r a d i a t i o n  produced by second and higher  o rde r s  of Bragg r e f l e c t i o n .  
meant t h a t  t h e  source could be run a t  a vo l t age  s e v e r a l  t i m e s  t h a t  r equ i r ed  
t o  e x c i t e  t h e  p a r t i c u l a r  l i n e  being used, so t h a t  a high i n t e n s i t y  could be 
obtained. 
Each s l i t  considted of two p ieces  of 5/16" d i a .  s i l v e r  
The s c a l e  was c a l i b r a t e d  t o  read glancing angle  
"his 
The re f lec tometer  was enclosed i n  a c y l i n d r i c a l  vacuum tank of 
machined aluminium, and the  r e f l e c t i o n  measurements w e r e  made a t  a pressure  
- 4 -  
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of around torr. 
4. ExPEBplENTAL PROCEDURE 
Characteristic lines of elements were obtained by using a target 
of a material containing the element in question or by spreading a paste 
of a compound (usually the oxide) of the element on the surface. Origi- 
nally it was hoped that measurements could be made up to the Wavelength 
limit set by the mica crystal (about 20 21, but absorption by the counter 
window limited the range of measurements to the wavelength of Co L 
radiation (16.00 8 ) .  
Curves of - I versus0 were taken at a number of wavelengths for 
IO 
each specimen, by taking repeated measurements of the intensity in the 
direct and reflected beams at different values of the glancing angle. 
The measurements were taken by a method due to Nordfors ( 9 1 ,  in order 
to compensate for small drifts in emission. The total number of counts 
accumulated in a measurement of the direct beam intensity was typically of 
the order of 20,000. Theoretical curves of the type given by equation (3) 
were fitted to each experimental curve for , the fitting being done by 
a least squares method wing an Elliot 803 computer. 
IO 
5. RESULTS 
Extensive measurements in the wavelength region 5 - 16 61 were made 
on optical flats of "Pyrex" glass and stainless steel. The flats, having 
dimensions 2" x 1" x 3/8", were produced by conventional optical polishing 
methods, and were claimed by the makers to be flat to within 1/10 wavelength 
of visible (green) light. The results are plotted in Figures 2 - 6. - I
IO 
- 6 -  
n 
vc ' values  a r e  tabula ted  i n  Tables I ana 2, and va lues  ui Y en; 
obtained from the f i t t i n g  of Fresne l  curves,  i n  Tables 3 and 4. 
6 .  EXPERIMENTAL ERROR 
Most of the unce r t a in ty  i n  the va lues  of I i s  due t o  the - 
IO 
s t a t i s t i c a l  error i n  counting. This was estimated t o  be f 3X, except  
for those  va lues  of I below about 0.07, for which t h e  i n t e n s i t y  i n  t h e  
reflected beam was lower, and thus  the s t a t i s $ i c a l  e r r o r  h igher .  The 
unce r t a in ty  i n  these v a h e s  may be as high as 
- 
IO 
10%. 
The va lues  of I for 14.6 and 16.0 8 ( & a d  - 
IO 
r a d i a t i o n s  a l s o  have a l a r g e r  s t a t i s t i c a l  error, as window absorption 
reduced t h e  count r a t e  i n  both  the d i r e c t  and the reflected beams. The 
e r r o r  i n  the va lues  of I 
proximately t w i c e  t he  corresponding error for t h e  harder X-rays. 
f o r  these r a d i a t i o n s  is estimated t o  be ap- - 
IO 
+ The unce r t a in ty  i n  the measurement of glancing angle  is -..2 minutes 
of a r c .  I n  add i t ion  t o  this ,  the beam diverged by 3 minutes b u t ,  a s  pointed 
out  by Hendrick (loc. c i t . )  t h i s  affects  only t h e  angular r e s o l u t i o n  i n  
determining the I curves, n o t  the angular accuracy. A t  the long wave- 
l eng ths  under i n v e s t i g a t i o n ,  t h e  effect on the curve shapes i s  n e g l i g i b l e .  
- 
I O  
7 .  DISCUSSION 
From Figures  2 - 6, we see t h a t  equation (3)  describes the r e f l e c t i o n  
of X-rays remarkably w e l l ,  i n  view of the fact t h a t , i n  i t s  o r i g i n a l  form, 
it was der ived  Over 150 yea r s  ago, on t h t  b a s i s  of the e l a s t i c - s o l i d  theory 
of l i g h t .  However, i n  many of the curves,  the experimental po in t s  lie below 
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TABLE 1 
Reflectivity - I of Pyrex glass at various wavelengths 
8 
(mid 
33 
38 
43 
48 
50 
53 
55 
58 
63 
65 
68 
73 
78 
83 
88 
93 
98 
103 
108 
113 
118 
123 
133 
143 
-
- 
6.16 p ?  
- 
.897 
-870 
.835 
.779 
- 
.530 
.252 
.149 
.078 
- 
.042 
.030 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
=G- 
8.342 -
.878 
.883 
.850 
.814 
- 
.777 
- 
.699 
.619 
.460 
.271 
.169 
.076 
-043 
- 
-017 
- 
- 
- 
- 
- 
- 
- 
- 
- 
M g W  
9.892 
.882 
.842 
-848 
.824 
- 
.805 
- 
.742 
-731 
- 
.652 
.610 
.485 
.220 
- 
.068 
- 
.033 
- 
.014 
- 
- 
- 
- 
=a 
11.31g 
- 
- 
.827 
- 
- 
* 774 
- 
- 
.721 
- 
- 
.680 
.591 
.519 
.408 
.306 
- 
.lo4 
- 
.039 
- 
.021 
- 
- 
%LA 
12.28 
.848 
-797 
.819 
- 
- 
.776 
- 
- 
.732 
- 
- 
.666 
- 
.566 
- 
.424 
.335 
-235 
.143 
-076 
- 
.034 
.021 
- 
13.3 
- 
.780 
.763 
- 
- 
.728 
- 
- 
-682 
- 
- 
.618 
- 
.546 
- 
-478 
.397 
.312 
212 
.157 
.080 
.069 
.034 
- 
- 
N i  Lnc 
14.6g 
- 
.727 
.743 
- 
- 
.708 
- 
- 
.717 
- 
- 
.634 
- 
.541 
- 
.500 
- 
.420 
- 
.258 
- 
,140 
-069 
.035 
zz 
6.02 
7 
- 
689 
- 
- 
605 
- 
- 
538 
- 
- 
45 8 
- 
439 
- 
,439 
- 
,309 
- 
,212 
- 
.140 
.074 
.034 
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* v 
(mid 
32 
42 
52 
57 
62 
67 
72 
77 
82 
87 
92 
102 
112 
117 
122 
132 
142 
147 
152 
162 
172 
.77 
182 
.92 
TABLE 2 
~~ 
Reflectivity I of stainless steel at various wavelengths ~ - 
IO 
$?bLg 
5.73w 
.897 
.840 
.752 
- 
.632 
.526 
.435 
.293 
.120 
.051 
.016 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
7.13 
- 
902 
,853 
,798 
- 
,733 
- 
,624 
577 
488 
42 3 
332 
155 
036 
- 
,012 
- 
- 
- 
- 
- 
- 
- 
- - 
Iy_EL, 
8.3n 
- 
.912 
.871 
.821 
- 
.778 
- 
-724 
- 
.630 
- 
.511 
.385 
.234 
- 
.128 
.037 
.008 
- 
- 
- 
- 
- 
- 
-  
E 
9.892 
.904 
.860 
.836 
- 
.786 
- 
.732 
- 
.662 
- 
.587 
.488 
.375 
- 
.300 
,184 
.081 
- 
,031 
,014 
- 
- 
- 
- 
!nL, 
.2.28l! 
868 
826 
785 
- 
744 
- 
7 00 
- 
647 
- 
5 63 
5 04 
415 
- 
363 
278 
187 
- 
137 
08 5 
050 
- 
025 
-  
:uL& 
13.3x 
862 
818 
778 
- 
745 
- 
667 
- 
638 
- 
528 
518 
42 7 
- 
37 1 
295 
212 
- 
160 
115 
07 5 
- 
.045 
.028 
Nf L.c 
14.61y 
.836 
.788 
.746 
- 
.700 
- 
-655 
- 
-584 
- 
.529 
.448 
.394 
- 
.334 
.281 
.200 
- 
.159 
-117 
n7 c 
. V I  .J 
- 
.647 
.030 
kLOc( 
6.0# 
782 
7 67 
- 
7 04 
- 
- 
644 
- 
- 
5 63 
- 
457 
- 
361 
- 
319 
- 
220 
- 
157 
- 
090 
- 
060 
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Figure 3 - Reflection of X-rays by 'Pyrex' glass. 
( e l X . 8 . 3 4 8 ,  ( f  )X=9.89%, ( g ) X = 1 1 . 3 1  8,(h)X=l2.28; 
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Figure 5 - Reflection of X-rays by Stainless Steel. 
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Figure 6 - Reflection of X-rays by Stopless Steel. 
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the t h e o r e t i c a l  curve a t  angles  g rea t e r  than the c r i t i c a l  angle .  A s i m i l a r  
phenomenon was observed by P a r r a t t  (10) i n  experiments a t  s h o r t e r  wave- 
l eng ths  on the r e f l e c t i o n  of X-rays from su r faces  of oxidized copper. H e  
a t t r i b u t e d  it  t o  the presence of an e l e c t r o n  dens i ty  minimum a t  a depth of 
100 2 or so below t h e  s u r f a c e ,  which led  t o  a "trapping" of the r e f l e c t e d  
r a d i a t i o n  a t  angles of grazing incidence g r e a t e r  than  c r i t i c a l .  Micro- 
scopic  surface roughness was discounted a s  a cause f o r  the e f f e c t .  
I n  the case  of the experiments described here, su r face  roughness 
cannot be discounted a s  a poss ib l e  cause f o r  the discrepancy between the 
experimental and t h e o r e t i c a l  r e f l e c t i o n  curves. That the su r face  was, i n  
f a c t ,  imperfectly smooth f o r  X-ray r e f l e c t i o n  was shown by a series of tests 
us ing  photographic f i l m  a s  the d e t e c t o r .  F i r s t  the d i r e c t  beam, then  the 
r e f l e c t e d  beam were allowed t o  f a l l  on a photographic p l a t e  a t  a d i s t a n c e  
of about 20 cm. from the r e f l e c t o r .  When developed, t h e  d i r e c t  beam pro- 
duced a l i n e  on t h e  f i l m  wi th  p e r f e c t l y  sharp  edges,  bu t  the l i n e  produced 
by the r e f l ec t ed  beam had b lu r red  edges and was flanked by a s l i g h t  h a l a t i o n .  
Both t h e  g l a s s  and s t a i n l e s s  steel specimens gave s i m i l a r  results but  the 
r e f l e c t i o n  from an evaporated copper f i l m  was much more d i f f u s e ,  a l though 
i n  a l l  three cases  there was no degradation i n  the r e f l e c t i o n  of v i s i b l e  
l igh t .  The same e f f e c t  has been observed by Ehrenberg ( 3 )  by Groth (4) 
and, more r ecen t ly ,  by Sauro et .  a1  (12). The probable explana t ion  f o r  
the d i f fuseness  i s  t h a t  tbe s u r f a c e  i s  rough on a submicroscopic s c a l e ,  
so t h a t  t h e  X-rays a r e  s c a t t e r e d ,  whereas the longer wavelength, v i s i b l e  
l i g h t ,  sees a smooth s u r f a c e ,  and so i s  s p e c u l a r l y  r e f l e c t e d .  It i s  obvious 
t h a t  such a rough s t ruc ture  would y i e l d  a r e f l e c t i o n  curve r a t h e r  d i f f e r e n t  
from one ca lcu la ted  from equation ( 3 1 ,  which i s  based on a model assuming a 
p e r f e c t l y  smooth su r face .  
-1 6- 
Disagreement between theory and experiment is also found when 
theoretical values. Figures 7 and 8 show, on a logarithmic scale, the 
values of &, the mass absorption coefficient, as obtained from the 
,&I. = @:y), compared with values of Y given in Tables 3 and 4 ( P 
P T A P  
those obtained by Henke et. al. (6) using a semi-empirical method. 
The results for glass (Fig. 7)  show fairly good agreement with the 
predicted values. The difference in slope of the two curves can be ac- 
counted for by experimental error and the fact that there is some uncertainty 
in the values of p$ obtained by the semi-empirical method (Cooke, 1963). 
For steel, the agreement is not as good, and the discrepancy is probably too 
great to be explained by the above-mentioned factors. The results seem, 
however, to indicate the presence Of a surface layer of reduced electron 
density, which would be consistent with the presence of a layer of oxide 
on the steel. As the difference between the experimental and the theoreti- 
cal values of & increases with wavelength (and thus with decreasing depth 
of penetration of X-rays), it would seem that the electron density is de- 
i 
e 
creasing monotonically toward the extreme surface, and that there is no 
"reflection trap" in this case. 
This conclusion would appear to be supported by the comparison of 
experimental and theoretical values of & for steel (Pig. 10). The 
theoretical values in this case are calculated using the dispersion theory 
of Kallmann and Mark. It can be seen that the experimental values of fall 
progressively further and further below the predicted ones as longer wave- 
lengths are approached, indicating a decreasing surface electron density. 
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A s imi l a r  effect, bu t  of a smaller magnitude, occurs f o r  g l a s s  (Pig. 9).  
The t h e o r e t i c a l  curves a r e  once again ca l cu la t ed  using t h e  Kallmann-Mark 
d i spe r s ion  theory. 
somewhat i f  t h e  e f f e c t i v e  number of e l e c t r o n s  i n  t h e  K s h e l l s  of s i l i c o n  
and oxygen i s  assumed t o  be 1.5 (dashed l i n e )  but a t  t h e  longer wavelengths 
t h e r e  i s  s t i l l  a discrepancy. 
The agreement between theory  and experiment i s  improved 
8. CONCLUSION 
It i s  not  poss ib l e ,  a t  t h e  present  t i m e ,  t o  p r e d i c t  accu ra t e ly  the 
e f f i c i e n c y  of X-ray r e f l e c t i o n  of a mater ia l  a t  a given angle of inc idence ,  
a s  e x i s t i n g  t h e o r i e s  of r e f l e c t i o n  a r e  based on models of p e r f e c t  su r f ace  
smoothness, whereas a r e a l  su r f ace  has a degree of roughness dependent on 
the method of prepara t ion .  A t  t h e  sur face  of a r e a l  ma te r i a l  t h e r e  i s  a l s o  
an e l e c t r o n  dens i ty  g rad ien t  which a f f e c t s  t h e  r e f l e c t i o n  i n t e n s i t y ,  and 
a t  t h e  present t i m e  the form and ex ten t  of t h i s  d e n s i t y  g rad iee t  can only 
be determined by experiments on X-ray r e f l e c t i o n .  Unt i l  some other  means i s  
developed whereby t h e s e  two f a c t o r s  may be independently evaluated and t h e i r  
e f f e c t s  p red ic t ed ,  we must r e p l y  on experimental and semi-empirical r e f l e c -  
t i o n  d a t a  when des igning  systems using X-ray m i r r o r s .  
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